The selective binding of chemical species upon molecular recognition can lead to large perturbations in the host environment, particularly when the guest is an ion. Since fluoroionophores can provide chemical information on the ion concentrations, they are important subjects in the analysis of metal ions. [1] [2] [3] [4] Due to toxicity of Pb 2+ , it is one of the important targets among the metal ions, 5 and considerable efforts have been devoted to developing fluorescent chemosensors for Pb 2+ over the last several decades. [6] [7] [8] [9] [10] In a previous study, we have reported a fluoroionophore sensor, N- [4-(1-pyrene) However, when the indole moiety in PLT was changed to benzene, in forming a new fluoroionophore of Fig. 1 ), no dimeric pyrene response to Pb 2+ in water was observed. It should be very important to reveal why PLP can not form pyrene aggregation in binding with Pb 2+ . The exploration of the binding mechanism between PLP and various metal ions at the molecular level will facilitate further understanding the specific selectivity of PLT with Pb 2+ , allowing the design and synthesis of more efficient fluorescent chemosensors.
Introduction
The selective binding of chemical species upon molecular recognition can lead to large perturbations in the host environment, particularly when the guest is an ion. Since fluoroionophores can provide chemical information on the ion concentrations, they are important subjects in the analysis of metal ions. [1] [2] [3] [4] Due to toxicity of Pb 2+ , it is one of the important targets among the metal ions, 5 and considerable efforts have been devoted to developing fluorescent chemosensors for Pb 2+ over the last several decades. [6] [7] [8] [9] [10] In a previous study, we have reported a fluoroionophore sensor, N- [4-(1- 
pyrene)butyroyl]-L-tryptophan (PLT), which distinguishes Pb
2+ from twelve other kinds of metal ions and exhibits a very high sensitivity (0.15 μM) in aqueous solution. The coordination model of PLT and Pb 2+ has been explored by NMR experiments and a general interaction model between Pb 2+ and PLT was proposed. 11 Recently, we prepared several metallic carboxylates of PLT in solid form and investigated the coordination model between PLT and metal ions by Fourier transform infrared spectroscopy (FTIR) and Fourier transform Raman (FT Raman), and further optimized the interaction model. 12 However, when the indole moiety in PLT was changed to benzene, in forming a new fluoroionophore of N- [4-(1- Fig. 1 ), no dimeric pyrene response to Pb 2+ in water was observed. It should be very important to reveal why PLP can not form pyrene aggregation in binding with Pb 2+ . The exploration of the binding mechanism between PLP and various metal ions at the molecular level will facilitate further understanding the specific selectivity of PLT with Pb 2+ , allowing the design and synthesis of more efficient fluorescent chemosensors.
In the present study, we have prepared various metallic carboxylates of PLP and used FTIR spectroscopy to measure their properties. By comparing the spectra of PLP-metal ions and of PLT-Pb 2+ , we found that the absence of the interaction between aryl ring and Pb 2+ and hydrogen bonding between amide groups in PLP-Pb induced no aggregation of pyrene. Meanwhile, different types of carboxylate-metal ion coordination in PLP-metal ions are observed. These results reveal that the indole ring plays an important role for PLT in distinguishing Pb 2+ from other metal ions. 
Synthesis of sodium carboxylate of PLP (PLP-Na)
PLP (0.245 g, 0.563 mmol) was added to a 40-ml ethanol solution of NaOH (0.225 g). The mixture was stirred for 1 h at room temperature and then filtrated.
The filtrate was concentrated under reduced pressure and the product was dissolved in tetrahydrofuran (THF). Then the undissolved NaOH was filtrated off; finally, the solvent was removed under reduced pressure and dried under vacuum at room temperature for 24 h (yield = 61%).
Synthesis of lead carboxylate of PLP (PLP-Pb)
Sodium carboxylate of PLP (0.0688 g, 0.15 mmol) was dissolved in 5 ml of water and then PbCl2 (0.0834 g, 0.3 mmol) was added. A yellowish precipitate was formed immediately. Then the mixture was stirred for 20 min at room temperature. Subsequently, the precipitate was filtered and washed repeatedly with water to remove the residual lead and sodium salts. A yellowish powder was obtained and dried under vacuum at 40˚C for 24 h, giving the products of PLP-Pb (yield = 58%).
The syntheses of copper and zinc carboxylates of PLP (PLPCu and PLP-Zn) were in accomplished procedures analogous to that of PLP-Pb.
Spectroscopic measurement
The measurement of FTIR spectroscopy was performed on a Bruker IFS66V FTIR spectrometer equipped with a DTGS detector (32 scans), using KBr pellets, and the spectrum was recorded with a resolution of 4 cm -1 .
Results and Discussion
In metallic carboxylate complexes, vibrational spectroscopy can provide information on metal ion-carboxylate coordination in detail. 16 FTIR spectra of PLP are recorded at acidic condition and those of its metallic carboxylates at neutral condition. Figure 2 shows IR spectra of solid PLP-Na, PLP-Pb, PLP-Cu and PLP-Zn in the high-frequency region of 3700 -2700 cm -1 . The N-H stretching vibrations of the amide group and the symmetric and antisymmetric stretching modes for methylene group appear in this region as strong bands. The broad absorption band in the range of 3600 -3300 cm -1 for PLP-Pb, PLP-Cu and PLP-Zn is due to the OH stretching mode of water. Its appearance may indicate the existence of hydrated water in the complexes. 17 The broad band shown around 1650 cm -1 in the low frequency region (Fig. 3) of PLP-Pb, PLT-Cu and PLTZn, which is assigned to the bending model of water, confirms such a proposal. The presence of the hydrated water in PLP-Pb is different from that in PLT-Pb, which indicates a different form of the coordination of Pb 2+ in the two carboxylates. 12 In addition, a formation of hydrogen bonding between amide groups always induces a shift of the N-H stretching vibration down to lower wavenumber. 12, 18 No such shift indicated that no hydrogen bonding was formed in the carboxylates of PLP (Fig.  2 , around 3305 cm -1 ), which is different from the case of PLTPb. In PLT-Pb, the N-H stretching vibration of the amide group shifted from 3307 cm -1 in PLT-Na to 3280 cm -1 , demonstrating a formation of hydrogen bonding between amide groups in lead carboxylate. 12 Such a result illustrated that the amide hydrogen bonding formed in PLT-Pb contributed greatly to the formation of the involved pyrene dimer. Figure 3 shows IR spectra of PLP, PLP-Na, PLP-Pb, PLP-Cu and PLP-Zn in the middle-frequency region of 1800 -1325 cm -1 . Specific attentions have been paid to the vibrational bands of the carboxylate because of their high sensitivity to metal coordination. Obviously, strong band at 1702 cm -1 in PLP is assigned to the C=O stretching mode of carboxylic acid in hydrogen-bonding, 18 after adding metal ion, and the disappearance of this band confirms the absence of carboxylic acid after the forming of metallic carboxylates of PLP.
Both the antisymmetric and symmetric stretching models for the carboxylate, νas(COO -) and νs(COO -), show very strong bands around 1590 and 1410 cm -1 , respectively, for different carboxylates. The differences of these two bands relative to those in free carboxylate ion, νion (taken as those of Na + or K + carboxylates), strongly depends on the coordination model. Generally, there are three coordination types between metal and carboxylate groups, i.e. monodentate, chelating bidentate, and bridging bidentate, as shown in Fig. 4 . The binding model between the metal and carboxylic ion in metallic carboxylate complexes can be determined based on the difference (Δν) between νas(COO -) and νs(COO -). [19] [20] [21] [22] In general, monodentate coordination is exhibited as a larger Δν than the corresponding ionic species, due to the decrease in equivalence of the C-O bonds. Conversely, chelating bidentate coordination should result in significantly lower Δν values than that in the ionic species, whereas the values of Δν for bridging bidentate should be close to the ionic value. 19 In the case of PLP-Pb, the νas(COO -) at 1543 cm -1 and νs(COO -) at 1402 cm -1 result in a value of Δν = 141 cm -1 , which is smaller than Δνion (ca.
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ANALYTICAL SCIENCES JULY 2007, VOL. 23 188 cm -1 ) and should be attributed to a chelating bidentate coordination. This result is consistent with the coordination model between COO -and Pb 2+ in PLT-Pb. 12 In PLP-Cu, it is very possible that two νas(COO -) (around 1601 and 1547 cm -1 ) exist in this carboxylate, and then two Δν are shown of 183 and 129 cm -1 . Thus, a mixed-coordination type of both bridging bidentate and chelating bidentate may coexist in PLP-Cu. Moreover, in PLP-Zn, the Δν of 203 cm -1 is larger than Δνion (ca. 188 cm -1 ) and should be attributed to a monodentate coordination.
These results show strong dependence of the coordination model on metal ions, and they were also significantly different from that formed in PLT-Pb.
In Fig. 5 the vibrational bands of the phenyl ring in the lowfrequency region of 1220 -500 cm -1 are easily observed: the bands that appear around 1028 or 841 cm -1 are assigned to in plane bending vibration (β(CH)) of phenyl ring, and those found at 751 and 721 cm -1 are also due to β(C-H) of phenyl ring; the bands observed at 698 and 680 cm -1 are assigned to the out-ofplane deformation (γ(CH)) of the phenyl ring. 18, 23, 24 All the vibrational bands and their assignments are listed in Table 1 . In comparison to the spectrum of PLP-Na, these bands did not shift much in PLP-Pb, PLP-Cu or PLP-Zn. Although significant changes are observed for the phenyl bands intensities of PLP-Zn, in comparison with other complexes, there is still no solid evidence to confirm direct interaction between Zn 2+ and phenyl ring. These results indicate that the binding of PLP with metal ions did not change the vibrational models of the phenyl ring in PLP. Thus, it can be concluded that there was no strong interaction between phenyl ring and metal ions in their carboxylates of PLP. Such results were conformed by the Raman spectra of these metallic carboxylates of PLP, as no obvious changes were observed for the vibrational bands of phenyl ring after the addition of metal ions (data not shown). These results are different from PLT-Pb, where binding of lead ion to PLT induced significant band shifts of the indole vibrational models in both IR and Raman spectra, giving strong evidence for the direct interactions of Pb 2+ with indole ring. 12 Therefore, the interaction formed between indole ring and Pb 2+ should be another important factor for the response to Pb(II).
The coordination number of a compound with Pb 2+ is usually found from 2 to 10, and the disposition of ligands around the lead with a geometry either in holodirected (the bonds to ligand 801 ANALYTICAL SCIENCES JULY 2007, VOL. 23 ) of the main absorption bands observed for the IR spectra of PLP and its metallic carboxylates, and the corresponding vibrational assignments 18, 23, 24 
